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Tri-functional  Nb205  nano-islands  are  deposited  on  indium  tin  oxide  (ITO)  transparent  conductive  layer 
on  a  plastic  sheet  (ITO  PEN)  as  the  anode  substrate  for  a  dye-sensitized  solar  cell  by  spin-coating  a 
niobium  precursor  solution  and  heating  at  150  °C  for  10  min.  The  films  are  characterized  by  means  of 
time  of  flight  secondary  ion  mass  spectrometry  (TOF/SIMS),  field  emission  scanning  electron  microscopy 
(FESEM),  atomic  force  microscopy  (AFM),  small  angle  X-ray  diffraction  (SAXRD),  electrochemical 
impedance  spectroscopy  (EIS),  four-probe  meter  and  current-voltage  curves.  It  was  found  that  the  Nb2Os 
coating  exhibits  at  least  three  functions,  including  suppressing  interfacial  recombination,  improving  Ti02 
film  adhesion  and  lowering  sheet  resistance  of  the  ITO  PEN  film;  these  functions  are  all  beneficial  to 
photovoltaic  performance  in  a  dye-sensitized  solar  cell.  Finally,  a  plastic  dye-sensitized  solar  cell  with 
this  Nb205-treated  photoanode  was  fabricated,  and  a  remarkable  improvement  of  power  conversion 
efficiency  (PCE),  from  5.19%  to  5.81%  was  demonstrated. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  dye-sensitized  solar  cell  (DSSC)  is  a  promising  device  for 
inexpensive,  large-scale  use  of  solar  electricity,  due  to  its  low  ma¬ 
terial  and  equipment  cost  and  high  power  conversion  efficiency 
(PCE)  [1—5].  In  particular,  fabricating  a  DSSC  on  a  flexible  substrate, 
such  as  plastic  films  or  metal  sheets,  is  even  more  attractive  due  to 
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its  light  weight  and  the  potential  of  roll-to-roll,  large  volume  pro¬ 
duction.  At  the  core  of  a  DSSC  is  a  dye-sensitized  photoanode.  In 
general,  a  flexible  photoanode  is  comprised  of  a  sensitizing  Ti02 
film  on  a  transparent  conductive  plastic  film,  such  as  indium-coped 
tin  oxide  on  polyethylene  naphthalate  (ITO  PEN).  This  allows  back 
illumination  on  the  counter-electrode  side  during  operation 
resulting  in  higher  incident  light  utilization  than  a  front  illuminated 
device,  which  is  commonly  found  when  sensitized  Ti02  film  is 
prepared  on  metal  sheet  or  metal  plate  [6,7].  However,  when  a 
plastic  film  is  used  as  the  substrate,  all  the  processing  temperatures 
must  be  below  the  glass  transition  temperature  of  the  plastic. 
Several  methods,  such  as  electrophoresis  deposition  [8,9],  chemical 


754 


S.  Morita  et  al.  /  Journal  of  Power  Sources  240  (2013)  753—758 


sintering  [10],  mechanical  pressing  [11—13],  and  others  have  been 
proposed  to  reach  this  goal  via  a  low-temperature  process.  These 
methods  were  found  to  be  capable  of  interconnecting  the  Ti02 
nano-particles  of  the  coating  film,  which  is  crucial  for  efficient 
electron  transportation  in  a  DSSC. 

It  has  been  proved  that  charge  transport  from  substrate  to 
oxidized  species  (usually  tri-iodide)  in  the  electrolyte  is  one  of  the 
major  charge  loss  routes  in  a  DSSC  [14-16].  To  minimize  this  loss,  a 
compact  and  thin  metal  oxide  layer  is  coated  on  the  substrate  to 
prevent  the  photo-electrons  from  direct  contact  with  the  tri¬ 
iodides  [15-20].  Of  the  various  metal  oxide  coatings,  niobium  ox¬ 
ide  (Nb205)  has  shown  a  conduction  band  (CB)  which  is  approxi¬ 
mately  100  mV  higher  than  that  of  Ti02  [19],  while  the  effect  of  an 
Nb205  coating  on  fluorine-doped  tin  oxide  (FTO)  glass  in  sup¬ 
pressing  interfacial  charge  recombination  has  been  studied  by 
Yanagida  et  al.  [19,20].  However  in  their  research,  the  Nb2Os  layer 
was  coated  on  the  rigid  substrate  either  by  vacuum  sputtering  [19] 
or  spray  pyrolysis,  followed  by  a  500  °C  post-heat  treatment  [20]. 
The  former  is  highly  energy  consumptive,  while  the  latter  obviously 
cannot  be  used  on  plastic  substrates.  Therefore,  there  is  a  lack  of 
studies  on  how  to  prepare  a  compact  layer  on  a  plastic  substrate. 

In  addition,  the  surface  of  FTO  glass  is  usually  roughened  to 
enhance  optical  utilization,  while  the  surface  of  the  ITO-derivative 
substrate  is  relatively  smooth.  Consequently,  the  physical  adhesion 
between  ITO  and  Ti02  film  is  questionable,  particularly  in  the  case 
of  bendable  substrates  like  ITO  PEN.  In  practice,  poor  adhesion  re¬ 
sults  in  local  interfacial  delamination,  which  often  causes  addi¬ 
tional  resistance  and  lowers  the  photovoltaic  performance. 

In  this  paper,  the  technical  difficulties  associated  with  the  plastic 
photoanode  described  above  were  resolved  by  a  singular  Nb2Os 
coating  applied  to  an  ITO  PEN  film  by  a  low  temperature  and  scalable 
process.  This  coating  was  found  to  suppress  interfacial  recombina¬ 
tion  between  the  substrate  and  the  dye/Ti02  layer,  creating  a  rough 
surface  to  improve  contact  between  the  substrate  and  the  dye/Ti02 
film.  Surprisingly,  it  also  decreased  the  sheet  resistance  of  ITO  PEN. 
Combining  all  these  improvements,  the  PCE  of  DSSC  with  a  plastic 
photoanode  increased  from  between  5.19%  to  5.81%. 

2.  Experimental 

2.1.  Preparation  of  niobium  oxide  coating 

The  Nb205  coating  was  prepared  by  spin-coating  (1H-D7, 
Mikasa  Co.)  a  precursor  solution  containing  0.5  mM  niobium  eth- 
oxide  in  ethanol  on  the  ITO  PEN  (15  Q/sq,  PECCELL  Technologies)  at 
3000  rpm  for  15  s.  After  preliminary  drying  in  the  air  for  5  min,  the 
coated  plastic  sheet  was  heated  on  a  programmable  hotplate  at 
150  °C  for  10  min  to  complete  the  process. 


2.2.  Preparation  of  plastic  HO2  photoanode  and  DSC  fabrication 

Before  making  the  Ti02  mesoporous  film  on  a  plastic  substrate,  a 
binder-free  Ti02  paste  was  first  prepared  as  described  previously 
[21,22].  The  paste  was  then  coated  onto  an  Nb-treated  ITO  PEN  film 
by  the  doctor-blade  technique  and  dried  at  room  temperature  for 
30  min.  This  was  followed  by  heat  treatment  under  air  at  150  °C 
for  10  min  to  form  a  5  pm-thick,  mesoporous  Ti02  layer.  Dye 
impregnation  was  made  by  immersing  a  plastic  photoanode  in  a 
dye  solution  containing  0.3  mM  N719  (Solaronix)  in  acetonitrile: 
t-butyl  alcohol:  ethanol  (AN:tBA:EtOH  =  2:1 :1  in  volume  ratio)  for 
3  h  at  40  °C.  The  DSSC  was  assembled  by  sandwiching  the  plastic 
photoanode  and  the  counter  electrode  (platinum-sputtered  FTO 
glass)  with  a  hot-melt  film  (Surlyn,  25  pm)  as  the  spacer.  An  elec¬ 
trolyte  solution  containing  0.02  M  iodine  (I2),  0.4  M  lithium  iodide 
(Lil),  0.4  M  tetrabutylammonium  iodide  (TBAI)  and  0.1  M  N-meth- 
ylbenzimidazole  iodide  (NMBI)  was  then  injected  into  the  DSSC  via 
a  small  hole  drilled  in  the  counter  electrode. 

2.3.  Sample  characterization 

Field  emission  scanning  electron  microscopy  (FESEM,  Leo  1530 
Gemini,  German),  atomic  force  microscopy  (AFM,  XE-70  Park  sys¬ 
tem,  Korea),  small  angle  X-ray  diffraction  (SAXRD,  Bruker,  D8 
Discover,  USA)  and  time  of  flight  secondary  ion  mass  spectrometry 
(TOF/SIMS,  PHI,  TRIFT  V  nanoTOF,  USA)  were  used  to  examine  the 
morphology  and  structure  of  this  Nb2Os-coated  ITO  PEN  film.  The 
current-voltage  (/V)  curve  of  the  DSSC  was  recorded  by  a 
computer-controlled  digital  source  meter  (Keithley  2400,  USA) 
under  exposure  of  a  standard  solar  simulator  (PEC  LI 2,  Peccell,  1 
Sun,  AMI. 5). 

The  electrochemical  impedance  spectroscopy  (EIS)  was  recor¬ 
ded  by  scanning  the  DSSC  with  a  computer-controlled  potentialstat 
(VSP,  Princeton  Applied  Research)  from  200  kHz  to  0.1  Hz  with 
10  mV  amplitude  at  open  circuit  condition  under  1  sun  irradiation. 

3.  Results  and  discussion 

3.2.  Morphology  of  niobium  oxide  coating 

The  FESEM  topographies  of  blank  ITO  PEN  and  Nb-coated  ITO 
PEN  are  shown  in  Fig.  1(a)  and  (b),  respectively.  From  Fig.  1(a),  it  can 
be  seen  that  a  large  amount  of  round  shaped,  amorphous  ITO  is 
dispersed  uniformly  on  the  PEN  substrate.  It  can  also  be  observed 
that  there  are  only  a  small  number  of  rice-like  ITO  grains  of  ca. 
100  nm  in  size  randomly  dispersed,  indicating  the  absence  of 
post-heat  treatment  after  ITO  sputtering.  After  the  niobium  species 
was  coated  on  the  ITO  PEN  (Fig.  1(b)),  non-continuous,  island-like 
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Fig.  1.  Topographical  FESEM  images  of  (a)  bare  ITO  PEN,  showing  a  large  portion  of  rounded,  amorphous  ITO  grains  with  a  few  rice-like  crystalline  ITO  grains,  and  (b)  nano-islands 
of  niobium  species  dispersed  on  the  ITO  substrate. 
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niobium  grains  sized  from  100  to  200  nm  can  be  seen  dispersed  on 
the  ITO  film.  It  was  also  found  that  the  bottom  ITO  can  still  been 
seen  from  the  topographical  image,  indicating  that  the  niobium 
oxide  formed  there  in  a  concentrated  fashion  during  the  post-heat 
treatment  at  150  °C.  In  order  to  investigate  the  surface  roughness  of 
the  Nb205-coated  ITO  PEN,  the  AFM  topographies  as  well  as  three 
dimensional  views  were  examined.  From  Fig.  2(a)  and  (b),  it  can  be 
seen  that  the  surface  roughness  of  the  blank  ITO  PEN  is  about  4  nm. 
After  Nb205  was  coated  and  heat-treated  on  the  ITO  PEN  the  sur¬ 
face  became  rougher  by  a  factor  of  about  3(12  nm),  as  can  be  found 
in  Fig.  2(c)  and  (d).  The  increase  of  surface  roughness  was  clearly  a 
result  of  the  Nb205  deposits  as  the  nano-islands  spread  on  the  ITO 
ground.  These  nano-islands  create  more  rugged  surfaces  than  bare 
ITO  film  and  are  expected  to  improve  the  adhesion  between  sub¬ 
strate  and  dye-sensitized  Ti02  film.  To  further  investigate  the 
crystalline  structure  of  the  ultra-thin  deposited  Nb2Os  coating, 
SAXRD  was  performed  on  blank  and  Nb2Os-coated  ITO  PEN.  It  can 
be  seen  in  Fig.  3  that  the  Nb205  peak  (23.6  degree  of  2  theta) 
overlapping  the  alpha  form  crystal  of  PEN  substrate  was  detected 
on  that  sample  with  and  Nb2Os  coating,  while  only  the  PEN  signals 
(15.6,  23.6,  26.7,  33.4  degree  of  2  theta)  were  detected  in  the  blank 
ITO  PEN.  This  indicates  that  Nb2Os  nano-islands  are  able  to  crys¬ 
tallize,  even  when  the  temperature  of  post-heating  is  only  150  °C. 

The  depth  profile  of  Nb2Os-treated  ITO  PEN  was  examined  by 
TOF/SIMS  and  is  shown  in  Fig.  4;  five  elements  including  indium, 
tin,  niobium,  carbon  and  oxygen  were  analyzed.  Among  those  el¬ 
ements,  indium,  tin  and  oxygen  are  the  main  elements  for  the  ITO 
film,  while  niobium  and  carbon  are  ingredients  of  the  niobium 
ethoxide  precursor.  Theoretically,  the  niobium  signal  should 
decrease  sharply  once  the  signals  of  tin  and  indium  are  detected, 
because  the  niobium  coating  should  exist  in  the  surface  layer  only. 


Fig.  3.  SAXRD  patterns  of  (a)  bare  ITO  PEN,  showing  only  the  Sn02  (110)  peak  at  26.7°, 
and  (b)  Nb-coated  ITO  PEN  with  an  additional  Nb205  (004)  peak  detected  at  23.6°, 
confirming  the  existence  of  Nb205. 


However,  the  niobium  signal  lasts  until  the  etching  depth  reaches 
35  nm,  indicating  that  the  niobium  diffused  into  the  ITO  film  during 
the  heat  treatment.  Moreover,  the  decreasing  pattern  of  niobium 
and  carbon  counts  versus  etching  depth  is  not  sharp,  but  moderate, 
implying  that  surface  niobium  and  carbon  species  formed  as 
a  diffusion  layer  between  the  ITO  and  Nb2Os.  Nb-doped  ITO  film 
has  previously  been  found  to  have  lower  sheet  resistance  than  un¬ 
doped  film,  due  to  the  distortion  of  lattice  in  the  oxygen  vacancies 


Fig.  2.  AFM  images  of  (a)  topography,  (b)  3D  views  of  blank  ITO  PEN  film  and  (c)  topography,  and  (d)  3D  views  of  Nb205-coated  ITO  PEN. 
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[23].  To  further  prove  this  finding,  the  sheet  resistance  of  Nb205- 
coated  ITO  PEN  was  examined  by  a  4  point  probe  station  (Astella- 
tech,  SR4-A),  and  it  was  found  that  the  sheet  resistance  decreased 
from  12.80  Q/sq  to  12.18  Q/sq,  which  is  consistent  with  the 
literature. 

3.2.  Effects  of  niobium  oxide  coating  on  an  ITO  PEN  substrate 

Suppression  of  interfacial  recombination  via  the  substrate  was 
examined  by  scanning  the  IV  curve  of  a  2-electrode  testing  cell 
composed  of  an  ITO  PEN  with  or  without  Nb205  coating  (no  dye/ 
Ti02  film)  as  the  negative  terminal,  and  plantized  FTO  glass  as  the 
positive  terminal  under  darkness,  as  shown  in  Fig.  5  [14,24].  It  can 
be  observed  from  this  Figure  that  under  forward  bias,  the  onset 
voltage  of  the  IV  curve,  which  represents  the  trigger  point  of  charge 
transfer  reaction  from  substrate  to  electrolyte,  shifts  by  about 
100  mV  positively  after  Nb2Os  coating;  this  result  is  attributed  to 
the  fact  that  the  CB  of  Nb205  is  higher  than  that  of  FTO,  so  the 
reverse  charge  transport  from  FTO  to  Ti02/dye  film  is  energetically 
unfavorable.  The  possible  electron  transfer  routes  is  cartooned  on 
Fig.  6,  showing  the  interfacial  charge  transport  reaction  has  been 
suppressed  by  the  Nb2Os  treatment. 

The  IV  curves  and  their  corresponding  IV  parameters  of  the 
DSSCs,  composed  of  photoanode  with  and  without  Nb2Os  coating, 
are  illustrated  in  Fig.  7.  The  PCE  of  a  DSSC  was  calculated  as: 


Voltage  (V) 


Fig.  5.  Dark  IV  curves  of  the  2-electrode  testing  cells  composed  of  an  ITO  PEN  with  and 
without  Nb205  coating  (no  dye/Ti02  film)  as  the  negative  terminal  and  platinized  FTO 
glass  as  the  positive  terminal. 


□  PEN  film 
|  ITO  layer 
J  Nb-doped  ITO  layer 

Nb205  nano-island 
•  Dye-sensitized  Ti02  nano-particle 
|  1713"  redox  electrolyte 

Fig.  6.  Schematic  view  of  interfaces  in  the  Nb205-coated  photoanode  on  ITO  PEN  and 
its  imaginary  electron  transfer  routes. 

PCE  (%)  =  Voc  x  Isc  x  FF 

where  V0c  is  the  open  circuit  voltage,  JSc  is  the  short  circuit  current 
density  and  FF  is  the  fill  factor.  Clearly,  Voc,  he  and  FF  are  all 
important  for  a  high  efficiency  DSSC.  It  can  be  seen  from  Fig.  5  that 
the  most  significant  change  in  the  curves  is  that  the  he  has 
increased  from  11.17  to  11.78  mAcnrT2.  Meanwhile,  the  FF  is  also 
improved  from  0.65  to  0.69  and  the  Voc  is  increased  slightly  from 
0.71  V  to  0.72  V.  As  a  result,  the  PCE  is  improved  from  5.19%  to 
5.81%.  The  suppression  of  interfacial  recombination  by  introducing 
Nb205  coating  onto  the  ITO  PEN  film  is  found  to  reduce  charge  loss 
at  the  ITO  PEN/TI02  interface,  and  therefore  is  responsible  for  the 
increase  of  he  and  Voc  [25].  However,  it  is  worth  noting  that 
although  suppression  of  recombination  on  the  substrate  of  a  well- 
assembled  DSSC  has  been  found  to  improve  its  performance,  the 
improvement  on  a  PCE  should  be  minor  because  the  increase  on  ISC 
is  always  accompanied  by  the  decrease  of  FF  in  a  DSSC  that  has  had 
a  robust  assembly  process.  In  our  study,  however,  all  of  these  three 
parameters  affecting  PCE  (Voc,  he  and  FF)  increased.  Therefore  it  is 
reasonable  to  speculate  that  there  are  one  or  more  other  factors 
affecting  the  IV  behavior,  other  than  the  Nb2Os  coating. 

To  find  out  the  other  factor(s),  the  EIS  was  measured  to  inves¬ 
tigate  the  interfacial  behavior  of  the  DSSCs.  Fig.  8  presents  the 
Nyquist  plot  of  the  DSSC  made  of  plastic  photoanode  with  or 
without  Nb205  coating.  It  can  be  seen  that  the  most  significant 
change  in  EIS  after  Nb205  coating  is  that  the  arcs  in  both  the  high 
and  middle  frequencies  have  shrunk.  Meanwhile  the  intercept  of 
the  real  part  of  impedance  [7!)  in  the  highest  frequency  region  also 
decreases.  An  equivalent  circuit  fitting  our  measuring  conditions 
(high  light  intensity  at  open  circuit)  has  been  presented  by  Fabre- 
gat-Santiago  et  al.  [26-28]  and  is  illustrated  in  Fig.  9.  In  this 
simplified  transmission  line  model,  the  key  impedance  elements 
are:  series  resistance  (Rs),  representing  the  sheet  resistance  of  the 
ITO  PEN;  a  contact  resistance  (ftco),  representing  the  physical 


Voltage  (V) 

Fig.  7.  IV  curves  of  DSSCs  composed  of  a  plastic  photoanode  with  and  without  Nb205- 
treated  ITO  PEN  film  and  Pt-sputtered  counter  electrode. 
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Table  1 

Fitting  results  of  EIS  data  in  Fig.  6. 


Z'(f>cm2) 

Fig.  8.  EIS  measured  at  open  circuit  condition  under  1  sun  illumination  for  DSSCs 
made  from  plastic  photoanode  with  and  without  Nb205-treated  ITO  PEN  film.  The  solid 
dots  are  the  experimental  data  and  the  solid  lines  are  fitting  curves. 

contact  of  ITO  PEN  and  dye/Ti02  film;  a  parallel  combination  of 
charge  loss  on  the  Ti02/tri-iodide  interface  (/?cr)  and  ITO  PEN/Ti02 
interface  (ftrco);  a  charge  transfer  resistance  on  the  Pt/tri-iodide 
interface  (/?Pt);  and  a  diffusion  impedance  for  the  iodide/tri-iodide 
diffusion.  The  experimental  data  was  fitted  by  this  model  and  is 
summarized  in  Table  1. 

It  is  revealed  in  Table  1  that  Rs  decreased  from  11.28  to 
9.12  Qcm2  after  Nt^Os  coating.  This  decrease  is  attributed  to  the 
reduction  of  sheet  resistance  in  the  Nb-doping  ITO  film,  as  dis¬ 
cussed  above.  Since  Rs  is  one  of  the  major  parts  of  the  total  internal 
resistances  in  a  DSSC  [29],  the  benefit  of  smaller  Rs  will  be  an 
improvement  FF  in  the  IV  curve,  which  agrees  well  with  our  data,  as 
shown  in  Fig.  5.  Secondly,  it  is  worth  noting  that  Rqo  and  RPt  usually 
overlap  one  another  in  high  frequency  regions,  since  they  typically 
appear  as  a  single  arc  in  a  Nyquist  plot.  Moreover,  since  Rqo  is  slight 
in  a  well-assembled  DSSC,  some  reports  [28]  have  even  omitted  its 
contribution.  However,  in  a  device  made  on  a  flat  or  flexible  sub¬ 
strate,  such  as  ITO  PEN  [30]  or  stainless  steel  sheet  [31  ],  the  contact 
between  substrate  and  dye/Ti02  film  becomes  important  and 


Fig.  9.  Simplified  transmission  line  model  for  the  fitting  of  EIS  data  in  this  study.  Rs  is 
the  series  resistance  of  conductive  substrate;  Rc o  and  Cc o  are  the  resistance  and 
capacitance  at  substrate/Ti02  contact;  RTC o  and  CTCo  are  the  charge  transfer  resistance 
and  the  corresponding  double  layer  capacitance  at  exposed  TCO/electrolyte  surface; 
Rc t  is  the  charge  transfer  resistance  of  the  charge  recombination  at  Ti02/electrolyte 
interface;  is  the  chemical  capacitance  of  mesoporous  Ti02  film;  Zd  is  the  Nernst 
diffusion  impedance  of  redox  species;  and  RPt  and  CPt  are  the  charge  transfer  resistance 
and  double  layer  capacitance  at  the  counter  electrode.  Note  that  Zd  was  omitted  while 
fitting  the  curves  due  to  the  open  circuit  configuration,  and  all  capacitance  elements 
were  replaced  by  constant  phase  elements  (CPE)  for  better  fitting  accuracy. 
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9.12 

3.13 

41.07 

20.03 

185.6 

should  not  be  ignored.  From  Table  1,  the  sum  of  RPt  and  Rqo 
(ftpT  +  ftco)  shows  a  remarkable  decrease  from  5.32  to  3.13  Qcm2 
after  Nt^Os  coating.  Since  the  counter  electrodes  were  identical  in 
both  devices,  the  change  in  RPt  +  Rc o  after  Nb205  coating  was  due  to 
the  change  of  Rqo,  which  means  the  contact  resistance  between  the 
ITO  PEN  and  dye/Ti02  film  decreased.  As  found  in  the  FESEM 
topographical  image,  the  Nl^Os-coated  ITO  surface  creates  many 
rugged  nano-islands.  Thus,  it  is  a  rational  speculation  that  the 
decreased  Rqo  originates  from  the  enhanced  adherence  of  dye/Ti02 
and  the  Nb205-treated  ITO  surface,  which  reduces  the  ohmic  loss  in 
the  interface  and  renders  a  better  FF  in  the  IV  curve.  By  combining 
the  decrease  of  Rs  and  Rqo  in  the  DSSC  with  Nb20s-coated  ITO  PEN, 
the  FF  consequently  improves  from  0.65  to  0.69. 

The  overall  capacitance  of  (Cco  +  CPt)  was  found  to  increase  from 
15.22  to  41.07  pF  after  Nt^Os  coating,  and  once  again  we  attribute 
this  increase  to  the  contribution  of  Cco,  due  to  the  fact  that  an 
identical  platinized  electrode  was  utilized  in  both  tests.  This  finding 
indicates  that  the  Nl^Os  modified  substrate  has  more  intense 
capacitive  behavior  at  the  interface  because  charge  transfer 
through  this  interface  has  been  suppressed,  and  so  more  charge  is 
accumulated  [30,32]. 

It  also  can  be  seen  that  the  second  arc  in  Fig.  8  shrank  slightly 
after  Nt^Os  coating.  Though  this  arc  represents  the  overall  contri¬ 
bution  from  Rqt  and  Rjco,  we  simplified  the  discussion  by  focusing 
on  the  effects  of  Act  only,  because  the  Ti02  film  is  highly  conductive 
under  1  sun  illumination  [26].  It  is  known  that  the  more  conductive 
the  Ti02  film,  the  easier  the  charge  loss  from  the  Ti02/electrolyte 
interface;  moreover,  tri-iodide  is  in-situ  formed  by  dye  regenera¬ 
tion  in  open  circuit  conditions  under  illumination  [33].  Therefore, 
the  local  concentration  of  tri-iodide  in  the  vicinity  of  Ti02/elec- 
trolyte  interface  will  be  higher  than  the  bulk  concentration.  From 
Table  1,  it  can  be  seen  that  increases  from  149.8  to  185.6  pF  after 
Nb205  coating,  indicating  that  the  electron  density  of  the  plastic 
photoanode  made  with  Nl^Os-coated  ITO  PEN  is  higher  than  that 
on  an  uncoated  one.  This  finding  is  consistent  with  the  observation 
that  larger  Uoc  is  found  in  an  Nl^Os-coated  cell  as  the  conduction 
band  edge  position  of  the  Ti02  film  shifts  upward.  On  the  other 
hand,  the  enhanced  electron  density  also  promoted  charge 
recombination  in  the  Ti02/electrolye  interface,  and  Rqj  conse¬ 
quently  decreased. 

Through  EIS  analysis,  we  can  conclude  that  the  improvement  of 
FF  after  it  receives  Nl^Os  nano-island  coating  is  due  to  improved 
sheet  resistance  and  better  adherence,  while  the  increase  of  /sc  and 
Voc  results  from  the  suppression  of  the  interfacial  charge  loss. 
Consequently,  as  an  overall  effect,  PCE  increased  from  5.19%  to 
5.81%. 

4.  Conclusions 

The  PCE  of  plastic  DSSC  increased  from  5.19%  to  5.81%,  which 
was  achieved  by  coating  Nl^Os  nano-islands  on  ITO  PEN  film  using 
a  low-temperature  process.  The  improvement  on  PCE  is  attributed 
to  the  singular  treatment  between  the  ITO  PEN  substrate  and  dye/ 
Ti02  film,  which  was  found  to  reduce  the  sheet  resistance  of  ITO 
PEN,  suppress  interfacial  charge  loss  and  anchor  the  Ti02  film  more 
tightly.  Since  layer-to-layer  adhesion  strength  is  one  of  the  key  is¬ 
sues  of  this  improvement  on  further  application  assessment,  it  is 
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therefore  the  future  optimization  of  this  treatment  that  is  realized 
with  niobium  precursor  concentration  and  spin-coating  parame¬ 
ters,  as  well  as  quantitative  adhesion  strength  measurement. 
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